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Abstract-A prototype micro sun sensor has been 
developed at the Jet Propulsion Laboratory, California 
Institute of Technology It consists of a thin piece of 
silicon coated with a layer of chrome and a layer of gold 
with hundreds of small pinholes, placed on top of an 
Active Pixel Sensor (APS) image detector at a distance of 
900 microns. Images of the sun are formed on the APS 
image detector when the sun illuminates the mask. Sun 
angles are derived by determining the precise location of 
the sun images on the detector -just like a sundial. The 
packaged micro sun sensor has a mass of 11 grams, a 
volume of 4.2 cm’ and a power consumption of 30 mW. 
The accuracy of the micro sun sensor is better than 1 
arcminute and the maximum field ofview is 160”. 
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1. INTRODUCTION 
Sun sensors are widely used in spacecraft attitude 
determination subsystems to provide a measurement of 
the sun vector in spacecraft coordinates. Future 
microinano spacecraft and rovers will need to cany sun 
sensors to determine the pointing direction towards the 
sun or position determination. Unfortunately, 
conventional sun sensors are typically too large compared 
to the size of a microlnano spacecraft or a small rover. 
Therefore, the Jet Propulsion Laboratory, Califomia 
Institute of Technology has initiated ;n ongoing research 
activity to utilize Micro Electro Mechanical Systems 
(MEMS) processes to develop a smaller and lower mass 
sun sensor for space applications [1-4]. 
Two categories of conventional sun sensors exist - digital 
and analog types. The digital sun sensor illuminates 
different geometric patterns on the detector plane. The 
presence or absence of light imaged on the plane defmes a 
digital signal that can be translated into the sun angle. In 
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comparison, an analog sun sensor outputs analog currents, 
from which the sun angles can be derived directly [SI. To 
enhance the capabilities of these traditional sun sensor 
devices, a new generation of sun sensors is emerging. 
These sun sensors utilize an imaging device as the 
detector plane with a mask placed in front of it. The sun 
sensor determines sun angles based on the location of the 
image pattern on the detector plane [6-91. 
The micro sun sensor is essentially a pinhole camera [IO] 
with an F/# -30 and multiple pinholes. It consists of two 
key components: 1) a MEMS based mask and 2) a 
“camera on a chip” APS image detector. The high- 
resolution multi aperture mask is placed close to the 
image detector. The concept is shown in Figure I.  The 
gray spots on the bottom plate (the focal plane) indicate 
the images of the sun formed by individual apertures on 
the top plate. The micro sun sensor utilizes a special 
“camera on a chip” image detector. All camera functions 
such as photosensitive pixels, A/D cnnveffer and control 
logic are implemented on the die. The sun angles in two 
orthogonal axes can be derived by determining the 




Figure 1. The micro sun sensor concept 
The distance between the focal plane and the MEMS 
mask is approximately 900 pm and the size of the focal 
plane is 6.1 mm x 6.1 mm. This means that the maximum 
theoretical Field Of View FOV) is -160” (*SO). 
However, at larger sun angles only a few apertures is 
visible on the image detector and the sun images are very 
elongated due to internally reflections in the MEMS 
mask. The accuracy of the micro sun sensor decreases as 
a function of the sun angle. 
The MEMS mask and the image detector is packaged into 
a small aluminum box including a connector. The image 
. 5-2263 
detector die is mounted directly to a PCB using "chip on 
board" technology. The assembly is show in Figure 2 and 
the specifications are shown in Table 1. This paper will 
describe the mask design, the APS image detector, the 
algorithms and the calibration of the sensor. Also, future 
directions for this task are discussed. 
Volume 
Table 1 .  Micro sun sensor specifications 
4.2 cm' 
Power consumption I 
Accuracy (Is,  1 axis) I 4 arcminute 
FOV I ihno 
2. MEMS MASK 
To fabricate masks with hundreds of closely aligned 
micro size pinholes, MEMS fabrication techniques are 
required because the MEMS lithography-technique has 
extremely high precision and is well controlled. Also, 
MEMS technology allows the production of more than 
100 masks simultaneously. 
A typical MEMS mask is shown in Figure 3. Each 
pinhole mask is a 7mm x 7mm square. Six combinations 
of masks having pinhole sizes of 16, 32, and 64 pm and 
center-twcenter spacing of 128 and 256 pm were laid out 
on a 10 cm diameter and 500-w thick silicon wafer. 
Figure 4 describes the fabrication steps for a MEMS 
pinhole mask. The bare wafer was doubleside polished 
and 500 pn thick (Figure 4, Step 1). 590 Angstroms of 
chrome and 2000 Angstroms of gold were deposited with 
an e-beam evaporator [ 11,  p.971. The chrome layer was 
evaporated fxst on the wafer. The chrome layer serves 
two pulposes: primarily as an adhesive layer since gold 
cannot adhere to a silicon wafer directly and secondly to 
attenuate the optical transmission of light through the 
wafer. A 2000 Angstrom gold film coating was deposited 
immediately after the chrome layer (Figure 4, Step 2). 
The next steps, steps 3 to 5 in Figure 4, resemble a 
printing process. A 2 - p  thin photoresist (PR) was spin- 
deposited, and the pinhole pattern was lithographed. PR is 
an UV light sensitive polymer; when exposed under LTV 
light it changes its state to be etch-able in a developer. 
I 
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Figure 3. The MEMS pinhole mask layout 
The PR coated wafer was masked with the pinhole pattern 
and exposed to W light. The W exposed area was then 
developed [ 1 I ,  p. 1-32]. At this point, the PR has pinhole- 
openings, exposing the thin gold metal. In next step, the 
wafer was put in an oxygen rich Reactive Ion Etcher 
(NE) to make the patterned surface hydrophilic (attract 
water) (Figure 4, Step 6). Then, the wafer was dipped in a 
gold etchant bath. The etchant etched the gold metal 
where it was exposed by the photoresist openings (Figure 
4, Step 7). Finally, the photoresist was stripped and the 
wafer diced into 7mm x 7mm dies. 
Figure 5a depicts a MEMS mask with 64-pm diameter 
pinholes and 256-pm spacing. Figure 5b shows top and 
cross-section views of a 16gm diameter pinhole; note the 
undercut after the thin gold metal etching step. The 
smaller circle is the edge of the PR opening and the 3 or 
4-pm offset from the PR edge or the blurred outer circle is 
where gold etching stopped. The undercut takes place 
because the aqueous gold etchant etches isotropically. 
Figure 6 is a photograph of a fmished MEMS mask 
showing both sides of the mask. The sunlight is 
transmitted though the 500-pm silicon wafer and the 
pinholes and impinge on the APS chip. Silicon is optically 
transparent at wavelengths longer than -1 pm where the 
APS chip is sensitive. Therefore, the silicon wafer does 
not provide sufficient attenuation of the sunlight. Thus, 
the chrome layers secondary function is to attenuate the 
sunlight. This will be the topic of the next paragraph. 
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Figure 4. Cross sections of MEMS pinhole 
mask fabrication steps 
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The Sun is a black body radiator with a surface 
temperature of -5800K. The power density in Earth orbit 
is -1400 W/m'. The size of a pixel on the AF'S image 
detector is 12 Fm x 12 pm. Therefore, 189 nW is incident 
on an area the size of a pixel. The relative spectral 
distribution of the energy is shown in Figure 7. A 500ym 
silicon wafer is placed in front of the pixel. The spectral 
transmission of the Si wafer is shown in Figure 8 [12]. 
The incident number of photons on a pixel behind the 
silicon mask can be calculated based on the total power, 
Figure 7 and Figure 8. The result is shown in Figure 9. 
The quantum efficiency of the detector (defined as the 
ratio of photoelectrons to the incident photons) is given in 
Figure 10 for the APS chip. Multiplying Figure 9 and 
Figure 10 will determine how many photoelectrons are 
detected at different wavelengths. This is shown in Figure 
11. It is observed that the micro sun sensor is only 
sensitive in the I .O - 1. I pm spectral band. 
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Figure 7. Relative spectral distribution of sun energy 
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Figure 8. Spectral transmission in 500-pm Si wafer 
Figure 11 shows that the total number of detected 
photoelectrons is 3.6,108 per pixel per second. The full 
well of a pixel is 240,000 photoelectrons. Since it is 
undesirable to reach the full well of a pixel, a sun signal 
of 150,000 photoelectrons was desired. It was chosen to 
operate the micro sun sensor with an exposure time of 100 
milliseconds. Therefore the solar flux must be attenuated 
240 times. The chrome layer on the silicon wafer does 
this. It was assumed that a 75-Angstrom thick chrome 
Pholons per wavelenglh 
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waveiengm (nm) 
Figure 9. Number of photons incident on a pixel behind 
the Si mask 
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Figure IO.  Quantum efficiency of the APS chip 
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Figure 11. Detected photoelectrons at different 
wavelengths 
layer would transmit 50% of the light [13]. 240 times is 
equal to 27.9. Therefore it was decided to make the chrome 
layer 75 * 7.9 = -590 Angstrom. 
For the gold layer, it was assumed that a thickness of 
2000 Angstrom would be completely opaque. 
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3APSDETECTOR 
The Versatile Integrated Digital Imager (VIDI) 512 is a 
complete CMOS imaging system on a chip [14]. The 
VlDl contains a 512 x 512 imaging array, 512 A D  
converters (one for each column), DIA converters that 
control the intemal reference voltages, currents, and a 
digital control block. The minimum VIDI interface 
consists of 5 wires: vdd, Ground, Serial Data Input, Serial 
Data Output, and .Clock. The imager configuration is 
programmed through the serial input port. Configuration 
registers are written to the serial input port either 
asynchronously or with an SPI (Serial Peripheral 
Interface) compatible synchronous protocol. All of the 
configuration registers are double buffered; registers 
written during imaging do not take effect until that image 
is completed. The configuration determines the pixel 
timing and ADC signals that are generated intemally. 
After the imager is configured, a single command through 
the serial input port will cause image data to be taken. The 
images can be output in the form of serial or parallel data 
or with a pair of differential analog voltages. The image 
serial output is SPI compatible to ease interface 
compatibility between the VIDI and extemal data 
collection hardware. There is a power down mode that 
shuts down all the internal circuitly except for the serial 
input port so power consumption can be minimized when 
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the camera is not in use. The imager can be programmed 
to perform an internal column voltage offset correction to 
minimize column fixed pattern noise. A block diagram of 
the VIDI is shown in Figure 12. 
The imager is a 512 by 512 photodiode pixel array. It can 
randomly access any window in the array, from 1 pixel x 
1 pixel all the way to 512 pixels x 512 pixels in any 
rectangular shape. Integration can be set as low as one 
row read time to 2.1'109 row times. The window size and 
integration time are set with configuration registers. 
The VIDI512 is configured by writing values to internal 
registers through the serial input port. The port can be 
written to at any time. Serial input words that are written 
during an imaging operation take effect at the end of the 
current image frame. While the VIDI is imaging the first 
picture, the serial port can accept commands to configure 
the second picture. When the first picture is complete, the 
second picture can be taken immediately. There is no 
delay to configure the VIDI. 
An offset correction algorithm in the VIDI minimizes any 
column fixed pattem noise. With zero signal, the 
difference between the reset and signal levels is measured 
for each column output ADC circuit. This difference is 
512 x 512 Pixel 
Array and Row 
control Logic 
A- 
E Offset Subtraction 
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digitally subtracted from each row's data when the OSE 
(Offset Subtraction Enable) bit in the Control Register is 
set high. The offset data row is output whether or not the 
Offset Subtraction is enabled. A summary of the VIDI 
specifications is given in Table 2. 







In an image captured from the micro sun sensor, a pattern 
of approximately 300 equally spaced apertures is typically 
observed as shown in Figure 13. The position of this 
pattern on the focal plane changes as a function of sun 
angle. In order to calculate the sun angles, the positions of 
the aperture centroids on the focal plane have to be 
determined. This type of image processing is routinely 
done in star trackers [15-161, where the centroids of bright 
spots (stars) are found in an image. The image is sifted for 
pixels that are above a given threshold. Once such a pixel 
is detected, a region of interest (ROI) window is aligned 
with the detected pixel in the center. The average pixel 
value on the border is calculated as shown in Figure 14 
and subtracted from all pixels in the ROI. 
' '  = Border 
Figure 14. The region of interest (ROI), and the border of 
the ROI of a detected bright spot 
The brightness in units of AID converter numbers (DN) 
and the centroid (xcm, ycm) are calculated from the 
backgound-subtracted pixels in the ROI. 
Figure 15 shows the positions of all the identified ROIs 
from the image shown in Figure 13. 
Figure IS. The position of all ROIs in the image in Figure 
13 
- .  
sensor. The partially illuminated apertures at the rim of 
the image are just an artifact of the setup 
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The resulting centroids are shown in Figure 16. The 
centroids are shown with red i ’ s .  Note that one aperture 
is not bright enough to be detected. 
gimbal with the micro sun sensor is shown in Figure IS. 
The dashed lines indicate the two axes of rotation. 
Figure IS. A sketch of the 2-axis gimbal used to calihr 
the micro sun sensor 
6 .  SENSOR MODEL 
The sensor model is a mathematical equation that rel; 
lite 
ites 
Figure 16. The identified bright spots from Figure 13 are 
identified with red i ’ s  
centroid coordinates to the orientation of the sun in an 
instrument based coordinate system. 
5. HELIOSTAT TESTING Only a single aperture centroid has been calibrated and 
characterized in this section. The described procedure is 
applied to multiple apertures in the next section. The 
single aperture that was evaluated was chosen randomly 
and is shown in Figure 19 with a red +. 
JPL’s Celestial Simulator facility was used to test the 
micro sun sensor. The facility contains a Heliostat, which 
is simolv a “sun tracker”. The heliostat consists of a large _ .  - 
mirror mounted on a two-axis gimbal inside a dome 
attached to the facility. The sun is tracked using this 
gimbal system and the sun bundle is directed toward a 
fixed mirror located on the ceiling of the facility. The end 
result of all this is that there is a 3 foot diameter sun 
“bundle” in the middle of the room inside the facility for 
about 4-6 hours around noon time (depending on the 
season). A oicture of the heliostat is shown in Fimre 17. 
Figure 17. The Heliostat at JF’L 
Figure 19. The single aperture that is characterized in this 
paper is indicated with a red 
The gimbal was slewed from -32” to +28” in steps of 4” in 
one axis and from 4 0 ’  to +40° in steps of 4’ in the other 
axis. There were a total of 336 images acquired at 
different orientations. Since one gimbal axis is located on 
the other gimbal axis, the pattern that the aperture will 
A 2-axis gimbal holding the micro sun sensor is rotated 
though a large number of different angles and the aperture 
centroids are recorded. Based on all these measurements, 
it is possible to derive the relationship between the 
centroids and the sun angles. A sketch of the 2-axis 
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sweep over on the focal plane is not symmetric. Figure 20 
depicts the positions of the red aperture in Figure 19 over 
the 336 images. 
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Figure 20. The position of the aperture centroid on the 
focal plane. The size of Figure 20 is shown with a green 
dashed line in Figure 19 
The sensor model is a simple pinhole camera model. The 
pinhole model consists of 6 parameters: the focal length 
(F), the intersection of boresight with the focal plane (xo, 
yo), and the rotation from the focal plane coordinate 
system to the extemal coordinate system (3 different 
Euler angles, a, B, f ) .  It can be shown that the equations 
for mapping from gimbal angles to centroid coordinates 
are 121: 
During the data acquisition, 336 measurements were 
collected. This vector set of angles is called a and R. For 
each measurement, a set of observed (x, y) centroids on 
the focal plane was also observed. The four vectors are: 
a =  - I;:] dl "1 - xm= I:;::] - Y ,  = j'r j (5) 
a,,, P,,, X.,a Y m . m  
There are only 6 unknowns. They are ao, Bo, f , XO, yo and 
F. We want to find a solution that minimizes the squared 
distance between the calculated and measured aperture 
centroids. Therefore, we want to minimize the following 
equation (6): 
This can be solved utilizing Matlah or the Solver in Excel. 
The following optimal parameters were found: 
x, =352.08 F=907.7p a, =-1.25" 
yo = 369.54 9 =0.808' Po = 1.26" (7) 
The average error for the solution was found to be 0.173 
pixels (0.13"). The average error is the average distance 
between the measurements and the sensor model (8). 
7. MULTIPLE APETURES 
In the previous section the calibration and 
characterization of a single aperture was explored. 
However, the mask consists of hundreds of apertures and 
the potential of using multiple apertures simultaneous to 
increase the accuracy is investigated in this section. 
For this investigation 10 apertures were chosen randomly. 
The I O  random apertures are shown with red - in Figure 
2 1. The calibration procedure described in Section 6 was 
applied to each aperture individually. 
Figure 21. Ten randomly chosen apertures 
The residual angular error for each of the IO apertures 
were calculated for all 336 images and plotted in the same 
graph. This is shown in Figure 22. 
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Figure 22. The residual x and y angular error for the IO 
apertures. The average accuracy for a single aperture is 
0.1" 
It is observed that there is a very strong correlation 
between the 10 individual apertures. This indicates that 
the apertures are not independent and some extemal 
perturbation is applied to the whole micro sun sensor. An 
investigation showed that both the heliostat and the 2-axis 
gimbal were not accurate down to the sub arcminute level. 
It is therefore concluded that the majority of the single 
aperture accuracy of 0.1" is caused by errors in the test 
setup and the accuracy of the micro sun sensor itself is 
much better. 
To assess the error of the micro sun sensor itself, the 
average angular error of the IO apertures was calculated 
for each of the 336 measurements. This angle was 
assumed to represent the test setup perturbation. This 
angle was then subtracted from the individual 
measurements. The result is shown in Figure 23. 
In Figure 23 it is observed that the accuracy of a single 
aperture is -0.04". When common errors have been 
removed, it is possible to combine the different aperture 
measurements and increase the accuracy with the square 
root of the number of apertures. In theory, using 100 
apertures should increase the accuracy by a factor of IO to 
0.004". However, this requires that the apertures are 
completely independent. Therefore, it is conservatively 
estimated that the accuracy of the micro sun sensor is 
better than 1 arcminute. 
Dynamic range is an issue for all sun sensors flying on 
interplanetary missions. As an example, a mission doing a 
gravity-assist swingby of Venus on the way to Pluto must 
be able to track the sun from 0.72AU to 40 AU. The 
brightness of the sun changes more than a factor of 3000 
and the angular size of the sun changes from 0.7" to 0.01". 
Such huge intensity difference is a problem to most sun 
sensors. Adjusting the exposure time of the sun sensor 
cannot compensate for this intensity difference. 
Therefore, it is proposed that there are a number (e.g. 4) 
of different thicknesses of chrome in the different 
pinholes. In this way, some pinholes would be optimized 
to image the Sun at Venus and other pinholes would be 
optimized to image the Sun at Pluto. The "Venus" 
pinholes would be dark at Pluto and the "Pluto" pinholes 
would be saturated at Venus. Fortunately, an APS chip 
does not bloom like a CCD chip. Changes of the angular 
size of the sun will not affect the design. 
Angular error, y axis I 0.5 2 
Figure 23. The residual x and y angular error for the IO 
apertures. The test setup perturbations have been 
subtracted. The average accuracy for a single aperture is 
0.04' 
In the proposed system, the spacecraft computer does the 
centroiding. This is processor intensive. Basically, the 
computer has to read all pixels. It then has to compare all 
pixels to a threshold value. When a bright pixel is 
detected, it has to calculate the centroid. In Matlab, a non- 
optimized program takes approximately 1 million 
instructions to do this on an image. Utilizing a priori 
knowledge of the centroid positions can reduce the 
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required processor load substantially, but still the entire 
image has to be loaded for each attitude update. Therefore 
another possibility should be explored. On APS chips, it 
is possible to place additional logic on the focal plane. 
Experiments have been done to place the centroid 
calculation function on the chip itself [17]. This means 
that the APS chip would only output centroids. This 
would take a large burden off the spacecraft computer. 
9. SUMMARY 
A new type of sun sensor based on MEMS technology has 
been described in this paper. A tiny gold and chrome 
plated silicon wafer is placed at a distance of 900 microns 
from an APS chip. The APS chip contains all camera 
functions on the chip. The mask consists of hundreds of 
pinholes. The sun angle can be determined based on the 
position of the aperture centroids -just like a sundial. 
The centroid of the apemres is calculated with algorithms 
similar to those utilized in star trackers. Calibrations show 
that the accuracy is better than 1 arcminute utilizing 
multiple apertures. 
The MEMS mask and the focal plane has been packaged 
together. The mass of the micro sun sensor is 1 I grams. 
This miniaturization represents more than an order of 
magnitude improvement over current state-of-the-art sun 
sensors. 
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